To determine the functional role of M 3 and M 5 muscarinic acetylcholine receptor subtypes in ophthalmic arteries using gene-targeted mice. METHODS. Muscarinic receptor gene expression was quantified in murine ophthalmic arteries using real-time PCR. To test the functional relevance of M 3 and M 5 receptors, ophthalmic arteries from mice deficient in either subtype (M3R Ϫ/Ϫ , M5R Ϫ/Ϫ , respectively) and wild-type controls were isolated, cannulated with micropipettes, and pressurized. Changes in luminal vessel diameter in response to muscarinic and nonmuscarinic receptor agonists were measured by video microscopy. RESULTS. With the use of real-time PCR, all five muscarinic receptor subtypes were detected in ophthalmic arteries. However, mRNA levels of M 1 , M 3 , and M 5 receptors were higher than those of M 2 and M 4 receptors. In functional studies, after preconstriction with phenylephrine, acetylcholine and carbachol produced concentration-dependent dilations of ophthalmic arteries that were similar in M5R
D
isturbed ocular and retrobulbar hemodynamics have been observed in a variety of eye diseases, including age-related macular degeneration, [1] [2] [3] diabetic retinopathy, 4 -6 nonarteritic anterior ischemic optic neuropathy, 7, 8 and glaucoma. 9, 10 Endothelial dysfunction, defined as impaired endothelium-dependent vasodilation to specific stimuli, 11 has been implicated in the pathophysiology of these diseases. [12] [13] [14] [15] Acetylcholine is a powerful dilator of most vascular beds and a major investigative and diagnostic tool for the assessment of endothelial function. 16 -19 Its activity is mediated by endothelial muscarinic receptors triggering the release of vasorelaxation agents, such as nitric oxide (NO). 20, 21 Systemically or topically applied cholinergic agents, including muscarinic receptor agonists, were shown to increase ocular blood flow in experimental animals 22, 23 and humans, 24 suggesting that acetylcholine is involved in the regulation of ocular perfusion by the activation of muscarinic receptors. Hence, it is important to define muscarinic receptor signaling at the molecular level in ocular arteries to understand the pathophysiological changes in the eye that occur with endothelial dysfunction.
Five muscarinic receptor subtypes, denoted M 1 through M 5 , have been identified. 25 They are generally grouped according to their functional coupling, either to the mobilization of intracellular calcium through the activation of phospholipase C␤ (M 1 , M 3 , M 5 ) or to the inhibition of adenylyl cyclase (M 2 , M 4 ). 26 Remarkably, the expression pattern of muscarinic receptor subtypes and their role in mediating vascular responses differ substantially between individual vascular beds. [27] [28] [29] [30] Thus, they may represent an attractive therapeutic target for the selective treatment of local ischemic disorders.
To date, muscarinic acetylcholine receptor expression has not been determined in ocular arteries. Therefore, we used real-time PCR to quantify mRNA expression of individual muscarinic receptor subtypes in isolated murine ophthalmic arteries.
Previous studies making use of pharmacologic approaches and electrical stimulation of parasympathetic nerve pathways suggest the involvement of M 3 receptors in mediating choroidal vasodilation in pigeons, 31 and of M 3 and M 5 receptors in chronically sympathectomized rats. 32 However, conclusions regarding the physiological role of individual muscarinic receptor subtypes are hampered by the limited specificity of the pharmacologic agents tested. 25, 33 For example, the pharmacologic properties of the M 3 receptor are similar to those of the M 5 subtype, 34 raising the possibility that responses previously thought to be mediated by M 3 receptors may involve the activation of M 5 receptors. To circumvent these difficulties, we used mice deficient in the expression of M 3 and M 5 receptors to determine the role of either subtype in mediating cholinergic vasodilation in ophthalmic arteries.
MATERIALS AND METHODS

Animals
All experiments were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the federal animal rights committee. The generation of M3R Ϫ/Ϫ and M5R Ϫ/Ϫ mice has been described previously. 29, 35 Briefly, the M 3 or the M 5 receptor gene was inactivated with the use of mouse embryonic stem cells derived from 129SvEv mice. The resultant chimeric mice were then mated with CF-1 mice to generate M3R Ϫ/Ϫ , M5R Ϫ/Ϫ , and wild-type mice with the following genetic contribution:
129SvEv (50%) ϫ CF-1 (50%). In all experiments, male mice at the age of 3 to 5 months were used.
Real-Time PCR Analysis in Isolated Ophthalmic Arteries
Muscarinic receptor gene expression was quantified in isolated ophthalmic arteries of wild-type mice using real-time PCR. After mice were killed by CO 2 inhalation, ophthalmic arteries were carefully isolated with the use of fine-point tweezers under a dissecting microscope, added to a 1. 
Measurements of Vascular Reactivity
Mice were killed by CO 2 inhalation, and the eyes were rapidly removed, together with the retrobulbar tissue, and were placed in ice-cold Krebs buffer with the following ionic composition: 118.3 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 25 mM NaHCO 3 , 11 mM glucose (Carl Roth GmbH, Karlsruhe, Germany). Then ophthalmic arteries from wild-type, M3R Ϫ/Ϫ , and M5R Ϫ/Ϫ mice were isolated under a dissecting microscope, placed in an organ chamber filled with cold Krebs solution, cannulated onto glass micropipettes, and secured with 10 -0 nylon monofilament suture, as described previously for arteries of other vascular beds. 29 Vessels were pressurized through the micropipettes to 50 mm Hg under no-flow conditions using two reservoirs filled with Krebs solution and were imaged using a video camera mounted on an inverted microscope (DM IL; Leica, Wetzlar, Germany). Video sequences were captured to a personal computer for analysis using imaging software (Khoros; Khoral Research, Inc., Albuquerque, NM). The organ chamber was continuously circulated with oxygenated and carbonated Krebs buffer at 37°C and pH 7.4. Arteries were allowed to equilibrate for 60 minutes before the experiments were started. Viability of vessels was assessed as satisfactory when at least 50% constriction from resting diameter in response to membrane depolarization with KCl (100 mM) was achieved. Then contractile responses to the ␣ 1 -adrenergic receptor agonist phenylephrine (10 Ϫ9 -10 Ϫ4 M; Sigma-Aldrich, Munich, Germany) were tested. Responses to KCl and phenylephrine did not differ between the three groups of mice (data not shown). Subsequently, arteries were preconstricted with phenylephrine to 50% to 60% of the initial vessel diameter, and cumulative concentration-response curves to acetylcholine (10
, and nitroprusside (10 Ϫ10 -10 Ϫ4 M) were obtained (all drugs from Sigma-Aldrich, Munich, Germany). Responses to acetylcholine were also compared before and after the addition of atropine (3 ϫ 10 Ϫ5 M; Sigma-Aldrich), a nonselective muscarinic receptor antagonist.
Statistical Analysis
Data are presented as mean Ϯ SE. Vascular responses are presented as percentage of change in diameter from the preconstricted diameter. When multiple vessels from a single mouse were studied, responses were averaged so that n represented the number of mice per group. Comparisons between concentration-response curves were made using ANOVA for repeated measures, and individual differences were detected by the Bonferroni test. For comparisons of vascular responses to acetylcholine before and after atropine treatment, the Wilcoxon signed-rank test was used. P Ͻ 0.05 was defined as significant.
RESULTS
Muscarinic Receptor mRNA Expression in Ophthalmic Arteries
Expression of muscarinic receptor mRNA was determined in ophthalmic arteries from wild-type mice using real-time PCR. All five muscarinic receptor subtypes were expressed in ophthalmic arteries. However, mRNA levels of M 1 , M 3 , and M 5 receptors, which couple to phospholipase C␤ and intracellular calcium mobilization, were higher than those of M 2 and M 4 receptors, which couple to the inhibition of adenylyl cyclase (Fig. 1) .
Responses of Ophthalmic Arteries to Acetylcholine and Carbachol
Baseline luminal diameters of ophthalmic arteries (before preconstriction) were 109 Ϯ 8 m, 111 Ϯ 8 m, and 107 Ϯ 10 m in M3R Ϫ/Ϫ , M5R Ϫ/Ϫ , and wild-type mice and did not differ between individual groups (P Ͼ 0.05, ANOVA). 
IOVS,
Ϫ/Ϫ , M5R Ϫ/Ϫ , and wild-type mice to acetylcholine (10 Ϫ9 -10 Ϫ3 M) and carbachol (10 Ϫ9 -10 Ϫ3 M). Acetylcholine elicited dose-dependent dilation of ophthalmic arteries from M5R Ϫ/Ϫ mice that was not different from vasodilation obtained in wild-type mice ( Fig. 2A) . Maximal dilation to 10 Ϫ4 M acetylcholine was 44% Ϯ 7% (n ϭ 11) and 56% Ϯ 9% (n ϭ 11) in M5R Ϫ/Ϫ and wild-type mice, respectively. Strikingly, acetylcholine-induced vasodilation was almost completely abolished in M3R Ϫ/Ϫ mice. Dilation to 10 Ϫ4 M acetylcholine was only 4% Ϯ 2% (n ϭ 11) in this group and was not statistically different from baseline values ( Fig. 2A) .
To test whether cholinergic responses of ophthalmic arteries were mediated by muscarinic receptors, we examined responses to acetylcholine after the addition of atropine (3 ϫ 10 Ϫ5 M), a nonselective muscarinic receptor blocker. After atropine treatment, responses to acetylcholine were virtually abolished in all groups of mice (Fig. 2B) , indicative of the involvement of muscarinic receptors.
To exclude the possibility that the different responses to acetylcholine were caused by differences in acetylcholinesterase activity in the vascular wall, we tested the responses of ophthalmic arteries to carbachol, another muscarinic receptor agonist, which, in contrast to acetylcholine, is resistant to degradation by acetylcholinesterase. Similar to acetylcholine, carbachol induced dose-dependent relaxation of ophthalmic arteries from M5R Ϫ/Ϫ and wild-type mice that did not differ between these two groups (Fig. 3) . For example, maximal dilation to 10 Ϫ4 M carbachol was 38% Ϯ 8% (n ϭ 9) and 44% Ϯ 9% (n ϭ 11) in M5R Ϫ/Ϫ and wild-type mice, respectively. In contrast, vasodilation to carbachol was only 4% Ϯ 2% (n ϭ 11) in M3R Ϫ/Ϫ mice and was not statistically different from baseline values (Fig. 3) .
Responses of Ophthalmic Arteries to Bradykinin and Nitroprusside
To test whether deletion of the M 3 and M 5 receptor genes affected responses to nonmuscarinic vasodilators in ophthalmic arteries, we examined vascular responses in M3R Ϫ/Ϫ , M5R Ϫ/Ϫ , and wild-type mice to the endothelium-dependent vasodilator bradykinin (10 Ϫ11 -10 Ϫ5 M). Bradykinin elicited concentration-dependent dilatory responses in arteries from M3R Ϫ/Ϫ , M5R Ϫ/Ϫ , and wild-type mice that did not differ between the three groups (Fig. 4A) . Maximal dilation to 10 Ϫ6 M bradykinin was 18% Ϯ 3% (n ϭ 11), 22% Ϯ 5% (n ϭ 9), and 21% Ϯ 4% (n ϭ 11) in M3R Ϫ/Ϫ , M5R Ϫ/Ϫ , and wild-type mice, respectively.
In addition, the endothelium-independent NO donor nitroprusside (10 Ϫ10 -10 Ϫ4 M) produced concentration-dependent dilation of ophthalmic arteries that did not differ between the three groups of mice (Fig. 4B ). For example, maximal vasodilation to 10 Ϫ5 M nitroprusside was 48% Ϯ 8% (n ϭ 11), 45% Ϯ 9% (n ϭ 9), and 53% Ϯ 8% (n ϭ 11) in M3R Ϫ/Ϫ , M5R Ϫ/Ϫ and wild-type mice, respectively.
DISCUSSION
The major goal of the present study was to identify the muscarinic receptor subtypes that mediate responses of ophthalmic arteries to acetylcholine. With the use of real-time PCR, we found all five muscarinic receptor subtypes to be expressed in ophthalmic arteries of wild-type mice. However, M 1 , M 3 and M 5 receptors were expressed at higher levels than M 2 and M 4 receptors. Given that previous studies pointed toward an in- 31, 32 we used mice deficient in M 3 or M 5 receptors to assess the functional relevance of either subtype in isolated ophthalmic arteries. Strikingly, deletion of the M 3 receptor almost completely abolished cholinergic vasodilation, whereas the absence of M 5 receptors had no effect on responses to acetylcholine. Responses to acetylcholine were primarily mediated by muscarinic receptors because blockade of muscarinic receptor activation with atropine abolished responses in wild-type and M5R
Ϫ/Ϫ mice. In M3R Ϫ/Ϫ mice, the dilation of ophthalmic arteries was also negligible in response to the muscarinic receptor agonist carbachol, which is resistant to degradation by acetylcholinesterase. Thus, increased acetylcholinesterase activity in the vascular wall is not likely to account for the strongly reduced cholinergic dilation of ophthalmic arteries in M3R Ϫ/Ϫ mice. Deletion of either M 3 or M 5 receptor did not affect responses to nonmuscarinic vasodilators, such as the NO donor nitroprusside or the endotheliumdependent agonist bradykinin, suggesting that the absence of these receptors does not interfere with the downstream signaling cascades that ultimately mediate vasorelaxation. Thus, these data provide the first direct evidence that M 3 receptors are critically involved in cholinergic vasodilation of ophthalmic arteries.
In a previous study using intravenous administration of subtype-selective muscarinic receptor antagonists and electrical stimulation of parasympathetic nerve pathways, it was suggested that endothelial M 3 receptors mediate choroidal vasodilation in pigeons. 31 In another study, in which a similar experimental approach has been used, M 3 and M 5 receptors were proposed to be involved in parasympathetic-mediated choroidal vasodilation in chronically sympathectomized rats. 32 However, the specificity of the pharmacologic agents tested has shown to be limited. 33, 36 For example, the pharmacological properties of the M 3 receptor are similar to those of the M 5 subtype, 34 raising the possibility that responses previously thought to be mediated by M 3 receptors may involve the activation of M 5 receptors. Moreover, even selective M 1 and M 2 antagonists display high affinity for M 3 and M 4 receptors, respectively. 25, 33 Consequently, it is difficult to discern the role of each muscarinic receptor subtype by using pharmacologic agents of limited specificity when two or more subtypes are simultaneously involved in a specific functional response. The use of genetically engineered mice lacking specific muscarinic receptor subtypes allows a more definitive determination of the physiological roles of M 3 and M 5 receptors in ocular vessels. Recently, the function of muscarinic receptor subtypes has been examined in other arterial beds of gene-targeted mice. In these studies, the M 3 subtype was shown to mediate cholinergic vasodilation in femoral 37 and coronary 30 arteries and in the aorta, 30, 37, 38 whereas the M 5 subtype mediated responses to acetylcholine in cerebral arteries and arterioles. 29 Remarkably, similar to our present findings in ophthalmic arteries, no functional role of M 5 receptors has been demonstrated for any extracerebral murine vascular bed tested thus far. 29 We found mRNA of all five muscarinic receptor subtypes to be expressed in ophthalmic arteries of wild-type mice. However, cholinergic responses were predominantly mediated by M 3 receptors, raising a question about the physiological role of the other coexpressed receptor subtypes. One possibility is that the other subtypes were expressed by vascular smooth muscle or by autonomic nerve terminals rather than by endothelial cells and that they play a role in regulating signaling pathways in vascular smooth muscle 28 or in modulating transmitter release from autonomic nerves. 31, 32 Based on previous in vivo studies in healthy animals and humans, systemic pharmacologic blockade of muscarinic receptors does not appear to significantly affect ocular blood flow under resting conditions or during isometric exercise. 31,39 -41 In contrast, pharmacologic activation of muscarinic receptors was shown to increase pulsatile ocular blood flow in humans with ocular hypertension 24 and long posterior ciliary artery blood flow in rabbits, 22 suggesting that muscarinic mechanisms are involved in ocular blood flow regulation. In support of this concept, pharmacologic blockade of muscarinic receptors was demonstrated to attenuate increases in choroidal blood flow induced by parasympathetic activation in pigeons. 31 Hence, it remains to be established under which conditions muscarinic acetylcholine receptors contribute to ocular blood flow regulation.
Our findings in ophthalmic arteries do not necessarily reflect the situation in all ocular vessels because substantial anatomic and functional differences exist within the ocular vascular bed. 42, 43 For example, retinal arteries as opposed to the ophthalmic artery are not innervated by autonomic nerve fibers, which may result in differences in autonomic input between the ophthalmic artery and retinal vessels. Thus, acetylcholine-mediated vasodilation in the ophthalmic artery induced by the activation of autonomic nerve fibers may transmit a higher blood pressure to the retinal vascular system, which in turn may respond with a myogenic constriction of arterioles to keep retinal blood flow constant. Furthermore, we cannot rule out the possibility that cholinergic responses of retinal arteries are mediated by another muscarinic receptor subtype than in ophthalmic arteries.
In a variety of cardiovascular diseases, acetylcholine-induced vasodilation is impaired. The factors underlying these altered responses include changes of postreceptor mechanisms such as reduction of endothelial nitric oxide synthase expression and increase in protein kinase C activity during hyperglycemia, a mechanism that has been implicated in the pathogenesis of diabetic retinopathy. 44, 45 However, in some pathologic conditions, vasodilation to acetylcholine is selectively impaired, whereas responses to other endothelium-dependent vasodilators are barely affected. 46, 47 Thus, specific changes in muscarinic acetylcholine receptor function, for example, by receptor downregulation or uncoupling from intracellular signaling pathways, may also contribute to abnormal cholinergic vasodilation in pathologic conditions.
Because of several technical limitations of in vivo measurements of ocular and retrobulbar blood flow 48 -50 and the limited availability of human vascular tissue, studies in ocular vascular preparations from animal models remain important for understanding the mechanisms that account for ischemic disorders in the eye. The use of gene-targeted mice offers an attractive opportunity to define the mechanisms leading to disturbed ocular perfusion at the molecular level. Moreover, such studies may help to design specific pharmacologic approaches to treat abnormal ocular perfusion.
In conclusion, data in the present study provide the first direct evidence that cholinergic vasodilation of ophthalmic arteries is mediated by M 3 receptors. From a clinical point of view, selective M 3 muscarinic receptor agonists may become therapeutically useful to increase ocular perfusion in some pathophysiological conditions such as age-related macular degeneration and glaucoma.
